ABSTRACT: Experimental measurements of the laminar burning velocity are mostly limited in pressure and temperature and can be compromised by the effects of flame stretch and instabilities. Computationally, these effects can be avoided by calculating one-dimensional, planar adiabatic flames using chemical oxidation mechanisms. Chemical kinetic models are often large, complex and take a lot of computation time, and few models exist for multi-component fuels. The aim of the present study is to investigate if simple mixing rules are able to predict the laminar burning velocity of fuel blends with a good accuracy. An overview of different mixing rules to predict the laminar burning is given and these mixing rules are tested for blends of hydrocarbons and ethanol. Experimental data of ethanol/n-heptane and ethanol/n-heptane/iso-octane mixtures and modeling data of an ethanol/nheptane blend and blends of ethanol and a toluene reference fuel are used to test the different mixing rules. Effects of higher temperature and pressure on the performance of the mixing rules are investigated. It was found that simple mixing rules that consider only the change in composition are accurate enough to predict the laminar burning velocity of ethanol/hydrocarbon blends. For the blends used in this study, a Le Chatelier's rule based on energy fractions is preferable because of the similar accuracy in comparison to other mixing rules while being more simple to use.
■ INTRODUCTION
The global energy supply has several problems. The main part of our energy sources are fossil fuels. These are not only depletable, but also the concentration of the sources is geographically unevenly distributed and, moreover, frequently located in politically unstable regions. Also, the growing world population, the increasing energy demand per capita, 1 and the associated increase in greenhouse gas emissions, contributing to global warming, 2 make the need for alternatives undeniable. This is particularly true for the transport sector, which is extremely dependent upon oil.
One of the major advantages of the current vehicle powertrain, the internal combustion engine, is that it can run on different fuels, making it a flex-fuel powertrain, in many cases only with a change of some parameters, such as ignition timing and injection duration. The flexibility of the internal combustion engine is already used, for example in the European Union where gasoline can contain up to 5% by volume of ethanol and up to 3% of methanol. This is performed to meet the biofuels directive of the European Union (2003/30/EC) and to increase the knock resistance of gasoline, with the alcohol serving as an octane booster. High concentration blends are also available, with E85 [85% (v/v) ethanol and 15% (v/v) gasoline] being the most common. As of February 2012, there are more than 8 million vehicles on U.S. roads that are able to run on E85, pure gasoline or any mixture of both. 3 Although many such vehicles seldomly use E85, they offer the possibility of a transition to an alternative fuel economy. It can therefore be envisaged that a transition to alternative fuels could be an evolution rather than a revolution, with a major role for fuel blends enabling a soft start to an alternative transport energy economy.
Fuel blends can also have an economic advantage. Turner et al. 4 presented the concept of ternary blends of gasoline, ethanol and methanol, in which the stoichiometric air/fuel ratio is controlled to the same value as that of conventional E85 alcoholbased fuel. It was shown that gasoline/ethanol/methanol blends formulated with a high proportion of methanol can be cheaper than gasoline on a cost per unit energy basis. Because methanol is cheap to produce, this is an alternative fuel technology that could actually be preferable financially for the customer without any government subsidy to encourage its uptake.
In the development of engines, engine cycle models have become indispensable tools because advanced engines incorporate a host of technologies and thus, many degrees of freedom for engine optimization. These engine cycle models are fuel-specific and need fuel-specific data. While many different models have been proposed for gasoline, this is much less the case for alternative fuels and almost completely lacking for blends of different fuels.
One of the key parameters to model the combustion of fuels in spark-ignition engines is the laminar burning velocity of the fuel. This is a physicochemical property of a fuel−air−residuals mixture and thus, a fundamental building block of any engine model. One way to obtain the laminar burning velocity is through experiments. Several experimental methods can be used to measure the laminar burning velocity of fuels: the onedimensional (1D) burner-stabilized flame, the counterflow flame, the expanding spherical flame, the Bunsen flame, etc. 5 However, experimental measurements of the laminar burning velocity are mostly limited in pressure and temperature and are compromised by the effects of flame stretch and instabilities. Computationally, these effects can be avoided by calculating 1D, planar adiabatic flames using chemical oxidation mechanisms. The velocity of these flames is the laminar burning velocity by definition. Thus, kinetic models can be used to calculate the laminar burning velocity over a range of engine-like conditions. The drawback for fuel blends is that the kinetic models become very large and complex, with long calculation times as a result and that, in many cases, no models exist for blends of different fuels.
A possible solution would be to have accurate mixing rules for the laminar burning velocity, which can determine the laminar burning velocity of fuel blends out of the burning velocity of the fuel components without being computationally too demanding.
To compare mixing rules, an accurate determination of the laminar burning velocity of the fuel components and the laminar burning velocity of the fuel blends is needed. Unfortunately, there are few experimental measurements of fuel blends (with the exception for fuels with hydrogen addition), and there can be doubt in the accuracy of the measurements when measurements on different setups are compared. 6 In the literature, few measurements of fuel blends are reported. Hirasawa et al. 7 measured the laminar burning velocity of binary blends of ethylene + n-butene, ethylene + toluene and n-butane + toluene. Van Lipzig et al. 8 considered binary and ternary mixtures of nheptane, iso-octane and ethanol. Broustail et al. 9 performed measurements with mixtures of butanol and ethanol with isooctane. Gulder et al. 10 measured the laminar burning velocity of iso-octane + methanol and iso-octane + ethanol mixtures.
The next section provides an overview of mixing rules found in the literature. In the Results and Discussion, the validity of different mixing rules is tested, focusing on ethanol−hydrocarbon blends. The mixing rules are tested for experimental data of ethanol/n-heptane and ethanol/n-heptane/iso-octane mixtures and for modeling data of an ethanol/n-heptane blend and blends of ethanol and a toluene reference fuel (TRF).
■ COMPARISON OF MIXING RULES
Burning velocities are mostly governed by the flame temperature, the activation energy and to a certain extent, the transport properties. 7 There is thus kinetic, thermal and transport effects. Dependent upon the fuel, an enhanced reactivity can be expected, which is the case, for example, with hydrogen. 11 A lower or higher adiabatic flame temperature, responsible for the thermal effect, can lead to another mixture reactivity, even assuming the same underlying reaction mechanism. Furthermore, dependent upon the diffusivities of the blend components, there can be a modification of the mixture concentration in the flame structure. 12 The inherent difficulty in the development of a mixing rule is that various thermal and chemical effects may not be separable for fuel blends because of possible thermokinetic couplings. For this reason, mixing rules are not expected to be linear in the fuel blend composition. 7 Because there are very few or even no chemical kinetic models of some fuel blends, it is interesting to explore if mixing rules of sufficient simplicity can be used, so that burning velocities of fuel blends can be readily estimated. In the literature, the following mixing rules were found:
Mixing Rule Based on Mole Fraction, Mass Fraction or Energy Fraction of the Components of the Fuels.
In the previous expression, α i is either the mole fraction, mass fraction or energy fraction of the fuel components. The energy fraction can be calculated as follows:
cH i°i s the heat of combustion of the mixture components. x i is the mole fraction of the fuel components.
Mixing Rule Based on Le Chatelier's Rule.
x i is the mole fraction of the fuel components.
Benedetto et al. 14 used Le Chatelier's rule to predict the laminar burning velocity of hydrogen−methane blends and had a good agreement for lean and stoichiometric conditions, but for rich mixtures, there were more significant differences between the simulation results obtained with the detailed reaction scheme GRI-Mech version 3.0 15 and the values predicted by Le Chatelier's rule.
Le Chatelier's rule is based on the principle that, if a chemical system at equilibrium experiences a change, the equilibrium shifts to counteract the imposed change and a new equilibrium is established.
Mixing Rule Developed by Hirasawa et al. 7 Hirasawa et al. 7 found for ethylene/n-butane, ethylene/toluene and n-butane/toluene mixtures that the flame temperature has the dominant influence on the burning velocity of the fuel blends at atmospheric pressure and that the kinetic coupling hardly affects the burning velocities of fuel mixtures because of limited interactions among the fragments of fuel decomposition either ahead of or in the flame zone during fuel combustion. An empirical mixing rule, dependent upon a mole fraction weighted average of the burning velocities and flame temperatures, was developed.
The adiabatic flame temperature of a pure fuel (T f,i ) can be expressed by
Q is the heat release per mole of fuel. n is the total number of moles of the products (including diluents) per mole of fuel. c p is the mean molar specific heat of the products. T u is the unburned gas temperature.
In the same way, the flame temperature of a fuel blend can be expressed by the adiabatic flame temperature of the fuel blend can be calculated with
The burning velocity of the fuel constituent and the fuel blend can be approximated by
where T̃a is determined by a rearrangement of an expression for u l with non-unity Le where ρ u is the unburned gas density, λ is the thermal conductivity, B c is the frequency factor, T a is the activation temperature, and Ze is the Zeldovich number. 16 Assuming Tã ,blend can be expressed in the same way as ΔT blend 
The mixing rule developed by Hirasawa et al. predicted the experimental measurements very accurately for atmospheric laminar burning velocities of ethylene/n-butane, ethylene/toluene and n-butane/toluene mixtures.
In the same way, Ji et al. 17 found that the laminar burning velocity of n-dodecane/toluene and n-dodecane/methylcyclohexane mixtures at atmospheric pressure can be predicted using the laminar burning velocities and adiabatic flame temperatures of the neat components. It was found that, although the fuel initial consumption pathways of ndodecane, toluene and methylcyclohexane and the resulting intermediates and radicals may be different for each neat component, the propagation of flames of binary fuels is mostly sensitive to the flame temperature through its influence on the main branching reaction H + O 2 → OH + O. Kinetic couplings appeared to have a minor effect on flame propagation.
On the other hand, there may be fuel blends where chemical kinetic interactions have the biggest influence, e.g., hydrogen/methane mixtures. 11, 12, 18 There have been a lot of measurements of the laminar burning velocity of fuels in combination with hydrogen. The reason is that, because of the strong reactivity of hydrogen, an addition of hydrogen enhances flame propagation and extends the flammability limits of fuel/ air mixtures. Therefore, it has the potential to promote combustion efficiency and reduce pollutant and greenhouse gas emissions. 11 The effects of hydrogen addition have been studied extensively using different methods and different fuels, such as methane, ethylene, acetylene, propane, n-butane, iso-octane, carbon monoxide and natural gas. 12,19−24 Yu et al. 25 found that the increase of burning velocity with hydrogen addition can be approximately linearly correlated with R H . R H is the ratio of the amount of hydrogen plus the stoichiometric amount of air needed for its oxidation, to the amount of fuel plus the remaining air left for its oxidation.
C F , C A and C H are the mole concentrations of the fuel, air and hydrogen addition. Tang et al. 12 found the same linear correlation for n-butane with hydrogen addition. With a sensitivity analysis, they showed that the kinetic effect is the most prominent, followed by the thermal effect, with the diffusion effect being minimal. Wu et al. 11 did the same for the laminar burning velocities of mixtures of ethane, ethylene, acetylene and carbon monoxide with a small amount of hydrogen addition at atmospheric and elevated pressures. Effects of hydrogen addition were interpreted through an expression obtained with a one-step overall reaction and constant transport properties
in which the Lewis number Le in combination with the thermal diffusivity α, the activation temperature T a , and the adiabatic flame temperature T ad can be considered to represent the diffusion, kinetic and thermal effects. It was found that the approximately linear correlation also largely applies to ethane, ethylene and acetylene at atmospheric as well as elevated pressures and that, in most cases, hydrogen addition enhances burning velocity mainly through the modification of the activation temperature rather than the flame temperature. The linear correlation did not hold for carbon monoxide because of the strong catalytic effect of hydrogen on the oxidation of carbon monoxide. It is not the purpose of the authors to give a full overview of the effect of hydrogen addition, and because it has been studied extensively, investigation of fuels in combination with hydrogen fall outside the scope of this study. The next section focuses on ethanol−hydrocarbon blends.
■ RESULTS AND DISCUSSION
First, measurements performed by van Lipzig et al. 8 were used to compare different mixing rules because these measurements were performed using a flat plate burner and the heat flux method resulted in an accuracy of ±1 cm/s. Calculations were made for equivalence ratios of 0.7−1.3, but in Figures 1 and 2 , the minimum equivalence ratio is 0.9 for the clarity of the figures and because the difference in laminar burning velocity in the 0.7−0.8 range was 2 cm/s at its maximum. From Figures 1 and 2 , it is clear that the mole and mass fraction mixing rules and Le Chatelier's rule are not good enough to predict the laminar burning velocity of the binary mixture of ethanol and n-heptane for Φ > 1, although the maximum difference between the measurements and the calculated laminar burning velocities is only 2 cm/s. The Hirasawa et al. mixing rule and the energy fraction mixing rule give good agreement with the measurements over the whole equivalence ratio. This interpretation can be confirmed when the root-mean-square error (RMSE) of the different mixing rules is compared (see Table 1 ). This indicates that the flame temperature is the dominant factor for the laminar burning velocity of the blends used in this study, as was found by Hirasawa et al. 7 Hirasawa et al. validated their mixing rule only for binary mixtures of ethylene, n-butane or toluene. In Figure 3 , the laminar burning velocity of a ternary mixture of
iso-octane at 338 K and atmospheric pressure is compared to the energy fraction mixing rule and the Hirasawa et al. mixing rule because these two rules gave the best results with binary mixtures. Again, the burning velocities can be estimated well with these two rules. The maximum error with the Hirasawa et al. mixing rule is 1.23 cm/s, and the maximum error with the energy fraction mixing rule is 1.36 cm/s.
The next goal was to investigate if these results can be extended to higher pressures, higher temperatures and multicomponent mixtures. Because gasoline blended with an alternative fuel is in fact a binary blend of a multi-component fuel and a pure fuel, it should be investigated if the mixing rules also work for blends of fuel that are a mixture of different components.
In the literature, such measurements of multi-component fuel blends at higher pressure and temperature are not yet reported.
Therefore, the chemical kinetic model by Andrae et al. 26 was used to calculate laminar burning velocities of a TRF [69% (v/v) isooctane, 14% (v/v) n-heptane, and 17% (v/v) toluene], ethanol, and blends of ethanol and the TRF at higher temperature and higher pressure (600 K and 40 bar). This model is a semi-detailed mechanism containing 150 species and 759 reactions. It consists of a detailed description of toluene and ethanol oxidation and skeletal mechanisms of iso-octane and n-heptane. This model was chosen because it is one of the few kinetic models for ethanol−hydrocarbon fuels that was also validated with laminar burning velocities collected at elevated temperature and pressure and because it includes a detailed reaction mechanism for ethanol.
A toluene reference fuel was chosen to represent a gasoline, and the composition of the iso-octane/n-heptane/toluene blend was chosen on the basis of the results in ref 27 , where the laminar burning velocities of this blend compared well to measurements of the laminar burning velocity of a real gasoline performed by Zhao et al. 28 In Figure 4 , the laminar burning velocity of E75 [75% (v/v) ethanol and 25% (v/v) TRF] and E20 [20% (v/v) ethanol and 80% (v/v) TRF] at 600 K and 40 bar is calculated with different mixing rules, and again, it is clear that the mole fraction mixing rule is not the right approach to predict the laminar burning velocity of multi-component fuels. Notice also the large difference in the burning velocity between the TRF and ethanol.
As seen in Figure 4 Lipzig et al., the mixing rules overpredict the laminar burning velocity for most of the equivalence ratios. Actually, it is not very surprising that the energy mixing rule gives similar results as the Hirasawa et al. mixing rule because it is based on the mole fraction and the heat of combustion of the fuel components, which can also be said of the flame temperature, the dominant factor in the Hirasawa et al. mixing rule.
For the type of fuels and range of equivalence ratios employed in this study, both the results with the energy mixing rule and the Hirasawa et al. mixing rule indicate that these two mixing rules can be used to predict the laminar burning velocity of multicomponent fuel blends (multiple fuels and "binary" blends of fuel blends) at higher temperature and pressure.
The best results are achieved with the Hirasawa et al. mixing rule, while the energy mixing rule has the greater simplicity as an advantage.
Given the fact that the energy fraction mixing rule and the Hirasawa et al. mixing rule, which are both based on the mole fraction and the heat of combustion, give the best results, one can wonder if Le Chatelier's rule could not be used if the energy fraction is used instead of the mole fraction
with α i being the energy fraction instead of the mole fraction.
In Figure 5 , the energy fraction mixing rule, the Hirasawa et al. mixing rule, and Le Chatelier's mixing rule based on the energy fraction are compared for E75 at 600 K and 40 bar. In Figure 6 , all of the different mixing rules are compared for E75 at 600 K and 1 bar. Here, the differences are more noticeable because the laminar burning velocities of pure ethanol and the TRF are more different from each other. As seen, the mixing rules all overpredict the laminar burning velocity, with the smallest overprediction for Le Chatelier's mixing rule based on the energy fraction.
The RMSEs (at 600 K and 1 bar) of the energy fraction mixing rule, the Hirasawa et al. mixing rule, and Le Chatelier's rule are 4.51, 3.15, and 1.70 cm/s, respectively. At 1 bar and 600 K, the regression factors, R 2 , are equal to 0.982 for Le Chatelier's rule, 0.937 for the Hirasawa et al. mixing rule, and 0.871 for the energy fraction mixing rule, which is clear from Figure 7 . Thus, the agreement is best for Le Chatelier's mixing rule when data of the kinetic model by Andrae et al. 26 is used. The same was found when the measurements by van Lipzig et al. were compared (not shown here). Because it is difficult to judge whether the results This model has been assembled from existing Lawrence Livermore National Laboratory (LLNL) mechanisms for n-heptane, isooctane, toluene and C5−C6 olefins and validated using experimental data from shock tubes, stirred reactors and rapid compression machines. The results are shown in Figure 8 . For the clarity of the figure, only the laminar burning velocities of the blend and the predictions by the mixing rules are shown. There is again an overprediction, with the least overprediction for Le Chatelier's rule and the largest overprediction for the energy fraction mixing rule. Notice that the differences are very small.
Because the same trend is seen in both the experimental and modeling data (overprediction of the laminar burning velocity) and because of the simplicity of Le Chatelier's rule, this rule is preferable until further validation.
The laminar burning velocity of fuel blends where chemical kinetic interactions have the biggest influence, e.g., hydrogen/ methane mixtures, cannot be predicted with the previous mixing rules, which is clear in Figure 9 . Calculations of this mixture of H 2 and CH 4 was performed with the GRI-Mech 3.0 mechanism. 15 The influence of hydrogen addition is already extensively investigated, as mentioned previously.
■ CONCLUSION
In this study, different mixing rules to predict the laminar burning velocity of fuel blends were tested and compared to each other. Mixing rules are not expected to be linear in the fuel blend composition, proven by the poor predictions of the mole fraction and mass fraction mixing rules.
The energy fraction mixing rule, the mixing rule developed by Hirasawa et al., 7 and the Le Chatelier's rule based on the energy fraction gave the best results, indicating that the flame temperature is the dominant factor for laminar burning velocity of the blends used in this study, as was found by Hirasawa et al. 7 These three mixing rules performed very well for binary, ternary and multi-component fuels, and for "binary" blends of fuels, which are a blend of components, even at higher temperature and pressure. Le Chatelier's rule based on the energy fraction stood out above the rest for the data used in this study, in both accuracy and simplicity. However, because of uncertainty limits of both the experimental and modeling results, further validation is needed.
It was also shown that these mixing rules do not work for hydrogen−methane blends, but further investigation of fuels in combination with hydrogen fell outside the scope of this study.
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